Objective: To describe a homogeneous subtype of periventricular nodular heterotopia (PNH) as part of a newly defined malformation complex.
ally normal or mildly delayed but can be severely delayed, especially when abnormal cortical development or microcephaly co-occur. About 70% of patients have epilepsy, which is often intractable. 6 Classic bilateral PNH is an X-linked disorder in which brain MRI demonstrates bilateral, usually symmetric, subependymal nodules, with enlarged cisterna magna or mild cerebellar vermis hypoplasia in some patients. All familial cases with X-linked bilateral PNH and about 26% of sporadic patients harbor mutations of the filamin A gene (FLNA, OMIM *300049). 2, 7 The large majority of affected individuals are female. 8, 9 Here we describe 50 patients in whom brain MRI revealed heterotopic nodules that were located along the subependymal temporal and occipital horns and trigones of the lateral ventricles and were associated with under-rotated or malformed hippocampi, malformed corpus callosum, and cerebellar dysgenesis in most. Most patients were brought to medical attention within the first 3 years of life due to developmental delay with cerebellar signs. We performed mutation analysis of FLNA in 33 of the 50 patients and found no mutations of this gene. Neuropathologic study of the brain in a 20-week female fetus exhibiting the same malformation pattern showed cytoarchitectonic characteristics of heterotopic nodules in the periventricular and more superficial white matter and focal disruption of the cerebral cortex. Overall, clinical, imaging, and anatomopathologic findings define a distinct malformation complex and confirm clinical and genetic heterogeneity of PNH. METHODS Patient recruitment. In a previous clinical, MRI, and genetic study on 182 consecutive patients with PNH, 2 we identified 15 phenotypic subclasses, including a distinct subclass that at first sight might have been confused with classic X-linked PNH, but exhibited slight, though distinctive, anatomic differences. In particular, in this subgroup the heterotopic nodules were restricted to the trigones and occipital and temporal horns, surrounding the hippocampi, which were underrotated and rounded. Cerebellar dysgenesis was present in most and corpus callosum abnormalities in some. In order to collect a large number of patients with the same anatomic phenotype and better define the associated clinical spectrum, we started an international collaboration and identified a cohort of 50 individuals. Sixteen of the patients reported here are also part of a series with further analysis of the neuroradiologic features (Mandelstam et al., unpublished data).
We also conducted an anatomo-pathologic study of the brain of a female fetus exhibiting the same malformation pattern.
Standard protocol approvals, registrations, and patient consents. All participating individuals, or the parents in the case of minors, gave informed consent. The study was approved by the human research ethics committee of the Meyer's University Hospital.
Clinical and imaging findings. Clinical information was obtained directly from patients or the referring physicians according to a direct interview or standardized questionnaire.
For each patient we collected information about family history, developmental milestones, age at seizure onset, seizure semiology and severity, neurologic status, and cognitive level. Since patients were evaluated at different centers and had variable ages at the time of study, cognitive level was evaluated using different methods, including the Griffiths Mental Development Scale, the Wechsler Intelligence Scale for Children-Revised, the Wechsler Adult Intelligence Scale-Revised (WAIS), as well as adaptive behavioral criteria. 10 Autism was diagnosed using the DSM-IV. MRI was performed in all individuals using 1.5-3 Tesla systems, with T2-weighted spin echo T2 images and 3-dimensional spoiled gradient echo sequences acquired with 1-1.5 mm partitions and reformatted as 1.5-to 3-mm-thick images in the axial, sagittal, and coronal planes in all patients. We reviewed the MRI scans of the brain of all patients for the following parameters: localization of the nodules, their distribution, shape, and size; hippocampal morphology; appearance of the corpus callosum; ventricular shape and size; cerebral cortical gyral pattern; and cerebellar morphology. We used the term "cerebellar dysgenesis" 11 to designate a disturbed folial pattern of the cerebellar cortex, in association with diminished volume of the affected portion of the cerebellum or the whole cerebellum.
We used the term polymicrogyria to designate developmental abnormality of the cerebral cortex characterized on MRI by an abnormal cortical folding, with an excessive number of abnormally small gyri, areas of infolding, variably associated with shallow sulci and thickened cortex. 12 Mutation analysis of FLNA. Genomic DNA from 33 out of 50 patients was extracted from peripheral blood leukocytes using a DNA isolation kit (DNAzol, MRC, Cincinnati, OH). The 47 exons of FLNA and their respective upstream and downstream intron-exon boundaries were amplified by PCR and analyzed with a WAVE denaturing high-performance liquid chromatography (dHPLC), according to the manufacturer's specifications (Transgenomics, La Jolla, CA). Primer sequences, PCR conditions, and dHPLC analysis sequences are available on request.
Statistical analysis.
We applied the Fisher exact test to establish whether significant skewing of the gender ratio existed. We also investigated whether a biased ratio of clinical and anatomic impairment occurred by comparing gender distribution for age at first referral, cognitive impairment, cerebellar dysgenesis, and corpus callosum agenesis or hypoplasia.
RESULTS
Clinical and imaging findings. The table summarizes the clinical features. We studied 50 patients (28 female, 22 male), including a mother and her son. Only 1 of the remaining patients, a woman, was known to have had a child, who was a healthy boy. The patients' age at the time of study ranged from 1 to 64 years (mean 17.1 years; median 10.5 Twenty-eight patients (56%) had cerebellar signs including hypotonia, ataxia, dysmetria, tremor, and nystagmus. Twenty-eight patients (56%) exhibited mild to moderate cognitive impairment; 6 patients (12%) had autistic spectrum disorder. Fourteen patients (28%) had normal cognition, of whom 5 (35% of those with normal cognition) had cerebellar signs.
Thirty-five (70%) patients had been referred within the first 3 years of life: 20 (40%) for investigation of delayed milestones, hypotonia, and cerebellar signs; 8 (16%) for microcephaly, macrocephaly, or obesity; and 7 (14%) for epilepsy. For the remaining patients, referral was at a later age: in 2 patients (4%) for cerebellar signs and 11 patients (22%) for epilepsy alone. For 2 patients (4%), information about age at referral was unavailable.
MRI scan of the brain showed that in 28 patients (56%) the lateral ventricles were mildly enlarged posteriorly, with multiple bilateral nodules of heterotopic gray matter, predominantly adjacent to the trigones, the occipital, and the temporal horns (figure 1) . The cortex was normal in 38 patients (76%), exhibited abnormal cortical folding consistent with parieto-occipital polymicrogyria in 4 patients (8%), with bilateral perisylvian polymicrogyria in 3 patients (6%), posterior and bilateral perisylvian polymicrogyria in 3 patients (6%), and frontal polymicrogyria in 2 patients (4%). In all patients the hippocampi were under-rotated and rounded; in 5 patients (10%) the hippocampal formation merged with the hetero-topia, with loss of its typical shape, contour, and architecture (figure 1). The corpus callosum was diffusely thin in 24 patients (48%), with partial or complete agenesis in 6 patients (12%).
Forty-two patients (84%) had cerebellar abnormalities, including cerebellar dysgenesis in 27 patients (54%), unilateral hemispheric dysgenesis in 4 patients (8%), and isolated vermis dysgenesis in 11 patients (22%).
Mutation analysis of FLNA. No mutations of FLNA were found in the 33 individuals examined.
Gender bias.
There was no evidence of gender bias or uneven gender distribution for age at referral (Fisher exact p ϭ 0.17), clinical (Fisher exact p ϭ 0.2), and anatomic severity (Fisher exact p ϭ 0.12).
Neuropathologic study of the brain. We performed an anatomo-pathologic study of the brain in a female fetus after pregnancy termination at 20 weeks, after prenatal ultrasound revealed ventricular dilatation, enlargement of the cisterna magna, and absent corpus callosum. The brain surface was smooth with well-developed Sylvian fissures. The cerebellum was small and the posterior fourth ventricle visible (figure 2). Coronal slicing of the brain revealed ventriculomegaly and multiple subependymal nodules in the posterior halves of both ventricles. Some of the periventricular heterotopia were related to abnormal overlying white matter containing columns or clusters of immature neurons and patchy vascular proliferation. The overlying cortex showed a range of changes from normal or mild irregularity to focal pial disruption and florid overmigration of cells into the leptomeninges with proliferation of blood vessels and connective tissue ( figure 3) . Nowhere did the cortical malformation resemble polymicrogyria. The hippocampi were simple and poorly folded and the cerebellum was severely hypoplastic.
There was focal disruption of the cerebellar cortex and the dentate nucleus consisted of separate nodules rather than a continuous undulating band. The inferior olivary nucleus was simple with a thick dorsal limb.
DISCUSSION
The 50 patients reported here shared similarities in brain abnormalities and clinical presentation. MRI scans of the brain showed nodular masses of gray matter restricted to the trigones and temporal and occipital horns. On both sides, heterotopic gray matter surrounded hippocampal formations that appeared under-rotated and rounded. The cortex was normal in 76%; in the remaining patients we observed abnormal cortical folding consistent with posterior polymicrogyria, bilateral perisylvian polymicrogyria, and anterior polymicrogyria. An abnormally thin corpus callosum was observed in 48% of patients and callosal agenesis in 12%. Fifty-four percent of patients also had cerebellar hemispheric dysgenesis with moderate to severe dysgenesis of the vermis. In 40% of patients, delayed motor milestones were noticed before the third year of life, prompting neuroradiologic investigations and an early diagnosis of PNH. Cerebellar dysgenesis may explain the motor disability, muscular hypotonia, incoordination, and impaired development in these patients. Overall, cognitive abilities ranged from normal to moderately impaired, as reported in classic bilateral PNH. The finding that 12% of patients had an autistic spectrum disorder might be initially surprising, but not after considering the strong evidence linking autism with cerebellar dysgenesis. [13] [14] [15] Indeed, 5 out of the 6 children with autism had a cerebellar abnormality, including cerebellar dysgenesis in 4 and cerebellar vermis dysgenesis in 1. Although there was a continuum of severity of cerebellar malformation in the whole series, with no distinct degrees of severity, we appreciated that children with autism were among those with more severe cerebellar dysgenesis. Autism has not been reported in association with FLNA-related PNH. In 38% of patients, the reason for referral was epilepsy. As with classic PNH linked to FLNA mutations, no distinctive epilepsy phenotype was observed. 2 Fourteen percent of patients had been referred for medical attention due to micro-cephaly, macrocephaly, or obesity. There may be differences in the accuracy with which clinical information was collected in this series, due to the international collection of data. This limitation is unavoidable, however, when dealing with relatively rare disorders.
The pattern of brain malformation in these patients differs from that observed in association with FLNA mutations. The most obvious difference is in the location of the heterotopic nodules, which in classic bilateral PNH are usually diffuse but prominent in the suprasylvian ventricular system and do not extend into the temporal horns or surround the incompletely rotated hippocampal formation. The under-rotation of the hippocampi may result from parahippocampal heterotopic nodules containing neuronal contingents that normally reach the hippocampus during neuronal migration. Incomplete hippocampal rotation is often observed in patients with neuronal migration disorders 16 but may also occur as an isolated abnormality. 17 Patients in this study had more severe cerebellar dysgenesis than that observed in patients with classic bilateral PNH due to FLNA mutations. 4 The reason why cerebellar dysgenesis, often severe, is associated with posteriorly predominant PNH and under-rotated hippocampi, sometimes merging with the heterotopia, remains cryptic. In both mouse models and humans, regionspecific transcription factor genes have been characterized that are primarily expressed in both the cerebellum and archicortex, such as Neurod2 18 and OTX2. OTX2 is expressed at an early stage in proliferative cell layers of the human fetal brain and plays an important role in neuronal cell development and differentiation in the archicortex, rostral brainstem, and cerebellum. 19 Abnormal expression of a transcription factor with a similar expression pattern might explain a region-selective malformation, involving the hippocampi and cerebellum. Considering that heterotopia was close to, or merged with, the hippocampal formation, it is also possible that abnormally migrated neurons were destined to the archicortex. Neuropathologic examination of the fetal brain revealed that, despite the topographic differences in the location of heterotopic nodules, their cytoarchitectonic characteristics were similar. However, there were abnormalities in the overlying white matter and focal overmigration of cortical cells and vascular proliferation. This abnormality indicates an association between the heterotopia and surface pial disruption and may be the precursor of the cortical dysplasia with abnormal vessels described in the mature brain with FLNA mutation. 20 There was however no evidence of polymicrogyria which has been described in a neonate with FLNA mutation 21 and in other forms of PNH 5 indicating the heterogeneous nature of malformations labeled as polymicrogyria. 22, 23 The cerebellar involvement was more severe compared with FLNA-related heterotopia. The hippocampus appeared to be more simple and under-rotated than is usual in a 22-week-old fetal brain.
Mutation analysis of FLNA, performed in 33 patients, gave negative results. Our previous experience indicated that mutations of FLNA are found in up to 26% of sporadic patients with classic bilateral PNH 3 and in only 4% of other phenotypic subclasses of PNH, including PNH with Ehlers-Danlos syndrome 24 and unilateral PNH. FLNA cannot be completely ruled out as the causative gene in all patients of this cohort, as mutation in noncoding regions, larger deletions/duplications involving 1 or more exons, and cryptic chromosomal abnormalities involving FLNA might still be present. We found no significant skewing of gender in our cohort, however, making an X-linked pattern of inheritance unlikely. The cohort included a mother and her son both affected; the remaining 48 patients were apparently sporadic.
Our observation suggests that an accurate clinical and neuroradiologic evaluation of patients with periventricular heterotopia can lead to the identification of specific subentities, each one possibly associated with a specific genetic defect.
